Genetic analysis of the wound response pathway in tomato (Lycopersicon esculentum) indicates that prosystemin and systemin are upstream components of a defensive signaling cascade that involves complex regulation of jasmonic acid (JA) biosynthesis and the ability of cells to perceive and respond to JA. Recent identification of JA response mutants provides evidence for the hypothesis that the JA transduction pathway also plays an important role in female reproductive development.
Many plants respond to insect attack and wounding by synthesizing an array of phytochemicals that decrease the ability of herbivores to colonize, feed, or reproduce on the plant (Green and Ryan, 1972; Karban and Baldwin, 1997) . Wound-inducible proteinase inhibitors (PIs) provide an attractive model system in which to study the signal transduction pathways that regulate this form of defense. In tomato, damage to a single leaflet by mechanical wounding or herbivory results in localized and systemic expression of two Ser PI-encoding genes (Inh-I and Inh-II) within about 2 h (Ryan, 2000; Howe et al., 2000) . These proteins can accumulate to high levels in leaves of the damaged plant, where they play a defensive role by inhibiting digestive proteases of some lepidopteran insects. In their pioneering study of wound-inducible PIs 30 years ago, Green and Ryan (1972) proposed that chemical signals generated at the site of wounding traverse the vascular system to activate the systemic expression of PIs. Although many of the signals involved in this response have been identified, relatively little is known about the mechanisms by which they are produced and transported between cells.
A unique component of the wound response pathway in tomato is the peptide signal systemin and the precursor protein prosystemin, from which it is derived McGurl et al., 1992) . Tomato prosystemin is encoded by a single gene whose primary transcript is alternatively spliced to generate two active forms of the protein . Several lines of genetic evidence indicate that prosystemin is essential for wound-induced expression of PI and other defense-related genes. First, transgenic plants expressing an antisense prosystemin cDNA are deficient in wound-induced systemic expression of PI genes (McGurl et al., 1992) . Second, overexpression of prosystemin from a 35S::prosystemin transgene constitutively activates PI expression in unwounded plants (McGurl et al., 1994) . Third, mutations that suppress 35S::prosystemin-mediated signaling block wound induction of PIs (Howe and Ryan, 1999) . It has been proposed that systemin functions as a mobile wound signal following its proteolytic release from prosystemin (McGurl et al., 1992) . Expression of PI genes in tomato leaves in response to wounding and systemin is mediated by JA, a terminal product of the octadecanoid pathway (Farmer and Ryan, 1992; Creelman and Mullet, 1997) . This model has been refined to reflect the fact that wound-and systemin-induced expression of PIs involves synergism between JA and ethylene (O'Donnell et al., 1996) . Recent studies provide evidence that reactive oxygen species function downstream of JA to amplify wound-and systemininduced responses (Orozco-Cárdenas et al., 2001 ). Due to space limitations, the reader is referred to recent reviews for a detailed discussion of the wound-signaling pathway (Bowles, 1998; Ryan, 2000; Walling, 2000; Leó n et al., 2001 ).
GENETIC ANALYSIS OF WOUND SIGNALING
We are using tomato as a model system for genetic dissection of signaling pathways that regulate wound responses and, more broadly, defense against herbivores. To further define the function of prosystemin and systemin in the wound response, we conducted a screen for mutations that suppress 35S::prosystemin-mediated expression of downstream target genes (Howe and Ryan, 1999 of def-1, a JA-deficient mutant that is compromised in wound-inducible PI expression and resistance to Manduca sexta larvae (Lightner et al., 1993; Howe et al., 1996) . The three remaining mutants were sterile and thus were not further characterized in the initial study. Mutations in Def-1, Spr-1, and Spr-2, in addition to suppressing the action of 35S::prosystemin, impair wound-and systemin-induced PI expression. This finding provides strong genetic evidence that prosystemin is an essential upstream component in the wound response pathway. The ability of def-1, spr-1, and spr-2 plants to respond to exogenous JA suggests that these mutations affect processes required for JA biosynthesis or accumulation (Fig. 1) . Support for this interpretation comes from the finding that def-1 plants are deficient in JA accumulation in response to wounding and systemin (Howe et al., 1996) . Identification of mutants that are impaired in JA perception would provide a valuable tool to further elucidate the mechanism of wound signaling and its relationship to induced defense. Toward this goal, we screened a fast-neutron-mutagenized population of tomato (cv Micro-Tom) for plants that fail to express polyphenol oxidase and Inh-II upon exposure to gaseous methyl-JA (MeJA; . One mutant, designated jasmonic acid-insensitive-1 (jai-1), completely lacked these proteins upon treatment with MeJA or wounding. jai-1 plants displayed normal vegetative growth but produced fruit that lacked mature seed. In over 1,000 jai-1 fruit examined, only two viable seeds were recovered. Reciprocal crosses to wild-type showed that jai-1 is female-sterile; it failed to set seed following pollination with wildtype pollen but readily pollinated and fertilized wildtype pistils. F 1 plants derived from this cross were fully responsive to JA/MeJA and fertile. In a segregating population (108 F 2 plants), the JA-insensitive and sterile phenotypes always co-segregated as if conditioned by a single recessive mutation.
The female-sterile phenotype of jai-1 plants prompted us to investigate the sterile spr lines that were previously generated by ethyl methane sulfonate-mutagenesis (see above; Howe and Ryan, 1999) . Attention was focused on two lines, 124A and 436G, that developed flowers but produced either no fruit or fruit containing no viable seed. Reciprocal backcrosses to wild-type indicated that both lines were female-sterile. Analysis of F 2 populations derived from these crosses showed that one-quarter of the progeny lacked wound-inducible Inh-II expression both in the wounded leaf and the undamaged systemic leaf (Table I) . Wound-insensitive 436G plants accumulated normal levels of Inh-II in response to exogenous MeJA (Table I) , similar to the phenotype of def-1, spr-1, and spr-2 plants (Fig. 1) . Complementation tests showed that the recessive mutation harbored by 436G defines a novel locus, designated Spr-5. Backcrossed lines that are homozygous for spr-5 produced viable seed, albeit at reduced levels relative to wild type. This finding indicates that the sterile phenotype of 436G can be attributed in part to a mutation other than spr-5. , and Inh-II levels were measured in leaves 24 h later. a Progeny from the indicated crosses were tested for responsiveness to applied MeJA as described in Table I , using both Inh-II and polyphenol oxidase as JA-responsive markers. The number of progeny displaying a JA-sensitive or JA-insensitive phenotype is shown.
b 2 values were calculated for the expectation that jai-1 and the mutation in 124A are allelic, where the predicted segregation ratio is indicated in parenthesis (JA sensitive:JA insensitive). If jai-1 and the mutation in 124A were non-allelic, all progeny from each cross would be JA sensitive.
c A line heterozygous for the mutation in 124A was produced by crossing 124A as a staminate parent to wild-type (WT). In contrast to spr-5, MeJA-treated 124A plants expressed no detectable Inh-II (Table I) or polyphenol oxidase (data not shown). This indicates that 124A, like jai-1, is blocked in JA perception or the ability to respond appropriately to the hormone. Complementation tests between 124A and jai-1 were performed using heterozygous maternal parents, and the results showed that the two mutants define the same locus (Table II) . We henceforth refer to the fast-neutron allele of jai-1 as jai-1 1 and the EMS allele of 124A as jai-1 2 . Plants homozygous for jai-1 2 were also unresponsive to relatively high concentrations of JA (50 nmol plant Ϫ1 ) and systemin (5 pmol plant Ϫ1 ) supplied through the cut stem (Fig. 2) . Recovery of a JA-insensitive mutant in a screen for suppressors of 35S::prosystemin is significant because it demonstrates that 35S::prosystemin-mediated signaling requires a functional JA response pathway. The unresponsiveness of jai-1 plants to wounding and applied systemin likewise indicates that JA action is essential for wound-and systemin-induced PI expression (Fig. 1) .
A ROLE FOR JA IN FEMALE REPRODUCTIVE DEVELOPMENT?
The JA insensitivity and female sterility of independent mutants (jai-1 1 and jai-1 2 ) argues against the possibility that the two phenotypes result from mutations in different genes. Rather, our results support the hypothesis that a single gene, Jai-1, is required both for wound-induced expression of defensive genes and female reproductive development. Conclusive proof will require cloning of Jai-1 and functional complementation of the mutant. The sterility of jai-1 plants could result from a defect in ovule development, embryogenesis, or another maternal process required for seed production. A dysfunction in embryogenesis would be consistent with previous studies implicating JA as an endogenous regulator of embryo development in oilseeds (Wilen et al., 1991) . A similar situation could exist in tomato, where JA, its precursor 12-oxo-phytodienoic acid, and various amino acid conjugates of JA are abundant in female organs of the flower (Hause et al., 2000) .
A proposed role for JA in female reproductive development in tomato stands in contrast to welldocumented studies in Arabidopsis where JA biosynthesis and perception are essential for male, but not female, gametophyte development (McConn and Browse, 1996; Feys et al., 1994; Sanders et al., 2000; Stintzi and Browse, 2000) . Although we cannot exclude a role for JA in male gametophyte development in tomato, the ability of jai-1 pollen to induce normal seed set when crossed to a wild-type pistillate parent indicates that JA perception and downstream signaling events are not essential for the production of viable pollen. How might such species-specific differences in jasmonate function be explained? One possibility is that oxylipins such as JA first evolved as low-abundance signaling molecules for the regulation of stress responses (e.g. defense) in vegetative tissues and, subsequently, these compounds were recruited to perform other physiological functions (e.g. reproduction) in specific plant lineages. This scenario was previously suggested to account for species-specific differences in the requirement for flavonoids in male fertility (Burbulis et al., 1996) . The range of physiological processes controlled by JA may ultimately reflect the function of specific genes whose expression is regulated by the hormone in a tissue-or cell type-specific manner. The wound response mutants described herein should provide useful tools to investigate the molecular mechanisms by which jasmonates regulate diverse physiological processes. 2 plants in response to JA and systemin. Fifteen-day-old seedlings were supplied with buffer (B; 15 mM sodium phosphate, pH 7.0), JA (J; 50 nmol plant Ϫ1 ), or systemin (S; 5 pmol plant Ϫ1 ) through the cut stem. Inh-II levels were measured in the leaves 24 h later. Plants homozygous for jai-1 2 were selected as described in Table I . Values represent the mean Ϯ SD of at least six plants.
